The Global Lightning and Sprite Measurements on the Japanese Experiment Module (JEM-GLIMS) started continuous nadir observations of lightning and transient luminous events (TLEs) at the International Space Station (ISS) in November 2012 and completed the observations in August 2015. As JEM-GLIMS uses the nadir observation technique, the JEM-GLIMS optical instruments simultaneously measure both incomparably intense lightning emissions and weak sprite emissions. We adopted combined data analytical methods to distinguish between these two types of emissions: (1) a subtraction of the wideband LSI-1 image from the narrowband LSI-2 image, (2) a calculation of the intensity ratio between different photometer channels, and (3) an estimation of the charge moment change (CMC) of the suspected sprite-producing CG discharge. This report presents as a case study one sprite event detected at 19:50:40.30580 UT on 28 September 2013 and identified using the above analytical methods. From the results derived from detailed data analyses, we judged that the optical emission measured by LSI-2 is a sprite emission. We carried out the geometry conversion toward the LSI-1 and subtracted images and found that the sprite emission location shifts by 3.5 km from the peak lightning emission location, which agree with the previous reports. The detailed horizontal distributions of sprites and the relationship between the sprite location and the parent lightning location are quantitatively revealed for the first time.
IntroductIon
Transient optical discharge phenomena occurring above active thunderclouds were discovered in the 1990's. These phenomena are called transient luminous events (TLEs) and are the electrodynamic processes connecting the lower atmosphere to the upper atmosphere. Sprites are one TLE occurrence types, and they have been intensively studied by a number of ground-based optical and electromagnetic observations since the discovery (Franz et al. 1990; Sentman et al. 1995; Lyons 1996) . These observational studies clarified the occurrence characteristics of sprites: (1) they typically occur in the altitude range of 50 -90 km, (2) a time constant of the sprite optical emissions is from a few milliseconds to a few tens of milliseconds, and (3) they are excited by lightning discharges having a charge moment change (CMC) over 600 C km (Hu et al. 2002; Moudry et al. 2003; Cummer and Lyons 2005) . Theoretical studies on the sprite generation mechanisms revealed that sprite optical emissions Terr. Atmos. Ocean. Sci., Vol. 28, No. 4, 545-561, August 2017 are produced by the excitation/relaxation processes of neutral molecules and ions in the atmosphere, i.e., mainly N 2 and N 2 + (Pasko et al. 1997 (Pasko et al. , 1998 Ebert et al. 2006) . These excitation processes are induced by collisions between these particles and the ambient electrons accelerated by the quasielectrostatic (QE) field generated by cloud-to-ground (CG) discharges. In contrast, elves is another TLE occurrence type (Fukunishi et al. 1996) . Elves appears at ~90 km altitude and exhibits a doughnut-like optical shape with the lateral expansion of a few hundred kilometers within ~1 ms . The generation mechanism of elves optical emissions is similar to that of sprites. However, the ambient electron acceleration is caused by the radiative electric field from the lightning-producing electromagnetic pulses (EMPs) (Nagano et al. 2003; Marshall et al. 2010) .
Studies on the sprite generation mechanisms have thus far shown great progress (Pasko et al. 1997 (Pasko et al. , 1998 Ebert et al. 2006 Ebert et al. , 2011 Liu and Pasko 2006; Luque et al. 2007; Pasko 2010; Luque and Ebert 2012) . However, the physical parameters that determine the horizontal distributions of sprites, i.e., the occurrence conditions, are not fully understood. It has recently been suggested that the inhomogeneity in the electron density at 80 -90 km altitudes may play a crucial role in determining the horizontal distributions of sprites and the formation of sprite streamers (Qin et al. 2012 (Qin et al. , 2013 . There are many factors that can create such inhomogeneity, such as, atmospheric gravity waves, micrometeors and the interference of lightning-producing EMPs (Sato et al. 2015) . In order to clarify these factors, the observational identification of the horizontal distributions of sprites has become first important. In general, the feasibility to simultaneously detect the same sprite emissions from multiple observation sites on the ground is quite low due to the geographical and meteorological limitations. Therefore, nadir observations of lightning and sprite emissions from space are essentially important to identifying the horizontal distributions of sprites.
TLE optical observations from space were first conducted in the space shuttle missions in the early 1990's (Boeck et al. 1992 (Boeck et al. , 1995 (Boeck et al. , 1998 . As the next generation of space observations, the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) onboard the FORMOSAT-2 satellite started continuous optical observations in 2004 and succeeded in detecting a number of TLEs Kuo et al. 2005 Kuo et al. , 2007 Mende et al. 2005; Chang et al. 2010; Takahashi et al. 2010) . However, the field of view (FOV) of the ISUAL instruments is directed toward the Earth's limb in order that they can easily and efficiently detect TLEs. Consequently, it is difficult to precisely determine the horizontal distributions of sprites from the ISUAL data. Blanc et al. (2004) first conducted nadir lightning and TLE observations from the International Space Station (ISS) and reported on the detection of possible sprite events. However, the ±1 s time accuracy of the data prevented them from identifying the suspected parent lightning discharges using the ground-based lightning detection network data. Other TLE observations from the ISS were recently conducted using a high-sensitive electron multiplication CCD camera and commercial-based digital camera, which contributed to detecting distinct TLE color images (Yair et al. 2004 (Yair et al. , 2013 Jehl et al. 2013) . However, these observations were operated under campaign-based missions. Thus, understanding the sprite occurrence conditions did not progress greatly.
The Global Lightning and Sprite Measurements on the Japanese Experiment Module (JEM-GLIMS) is a space mission designed to conduct nadir lightning and TLE observations from the ISS. The main objectives of this mission are (1) to identify the horizontal distributions of sprites and the relation to the parent lightning discharges, and (2) clarify the sprite occurrence condition . Using JEM-GLIMS and ground-based lightning data, we expect to identify the electrodynamic coupling processes between lightning discharges and TLEs. In this report, we introduce the detailed methods used to distinguish between weak sprite emissions from the incomparably intense lightning emissions in the nadir observation data and present one sprite event as a case study. In section 2, the JEM-GLIMS instruments and observation method are introduced. In section 3, the detailed sprite distinction analytical methodologies are described. In section 4, one sprite event identified using these distinction methods is presented as a case study. The conclusions from this report are given in section 5. In the series of previous papers introducing the JEM-GLIMS results, the methodologies to distinguish sprite emissions from lightning emissions have not been described in detail. The main focus of this report is therefore to present these methodologies, i.e., descriptions in chapter 3.
JEM-GLIMS nAdIr obSErvAtIonS

Science Instruments
JEM-GLIMS instruments are comprised of four science instruments, one onboard computer and one Global Positioning System (GPS) receiver (Sato et al. 2015) . Two of the four science instruments are optical devices, i.e., Lightning and Sprite Imager (LSI) and six-channel Spectrophotometer (PH). The LSI consists of two CMOS cameras whose specification is almost identical except for the passband of the optical filter (Sato et al. 2011a ). The wideband camera (LSI-1) and narrowband camera (LSI-2) measure the optical emissions in the 768 -830 and 760 -775 nm wavelength ranges, respectively. Since the FOV of the LSI is 28.3° × 28.3°, the spatial resolution at the ground surface and 80 km altitude is 400 m × 400 m and 320 m × 320 m, respectively. The sampling time is 32.8 ms frame -1 , and the image intensity resolution is 10 bit. The PH consists of sixchannel spectrophotometers, denoted by PH1 -PH6. Each (Sato et al. 2011b ). The PH1 -PH3, PH5, and PH6 have a conical FOV of 42.7°, which is nearly equal to the circumscribed circle of the LSI FOV, while the PH4 has a conical FOV of 86.8°. The sampling time of the PH system is 50 μs, and the digitizing resolution is 12 bit. Besides two optical instruments, JEM-GLIMS is equipped with two types of electromagnetic wave receivers, i.e., VLF Receiver (VLFR) and VHF Interferometer (VITF) ). All science instruments are controlled by the onboard computer (SHU: Science Instrument Handling Unit) . In this report, LSI and PH data are mainly analyzed.
observation and trigger Sequences
The JEM-GLIMS lightning and TLE observations are operated when the ISS is located in the Earth's shadow. Since the orbital inclination, typical altitude and period of the ISS are 51°, ~410 km, and 90 min, respectively, the maximum observation time becomes ~30 min orbit -1 . All of the JEM-GLIMS instruments are installed on the baseplate of the bus system, which is always directed to the nadir. Thus, JEM-GLIMS can conduct nadir observations from the ISS, even though the actual center position of the LSI and PH FOVs is slightly different from the nadir point according to the ISS attitude (Sato et al. 2015) .
Due to the limited telemetry rate, JEM-GLIMS uses the event triggering technique. The optical and electromagnetic wave data around the event trigger time are stored. LSI image data are recorded for four consecutive frames from one frame before the trigger time, while PH light curve data are recorded for 512 ms time period from 100 ms before the trigger time. In usual observations, PH is selected as a trigger instrument. The GPS receiver can provide the precise coordinated universal time (UT) to the JEM-GLIMS system, and the time accuracy is in the order of μs. When PH detects a transient optical emission whose amplitude exceeds the trigger threshold level, the SHU stamps the UT at the trigger time on all JEM-GLIMS data (Sato et al. 2015) .
Summary of the JEM-GLIMS observations
JEM-GLIMS conducted continuous lightning and TLE observations for three years from 20 November 2012 to 24 August 2015. During the nominal operation period from November 2012 to December 2014, JEM-GLIMS did not carry out observations over the South Atlantic Anomaly (SAA) in order to avoid instrument damage caused by a direct hit of high-energy particles. In contrast, JEM-GLIMS carried out observations over the SAA during an extended operating period starting at the end of December 2014. Figure 1 shows a summary of the events detected by JEM-GLIMS optical instruments for the three-year observation period. JEM-GLIMS succeeded in detecting a total of 8357 lightning events and 699 TLEs. The TLE identification method is presented later in this report. From the detailed comparison between JEM-GLIMS data and groundbased ELF waveform data, 129 events of 699 TLEs were excited by positive CG (+CG) discharges, while 491 events of 699 TLEs were excited by negative CG (-CG) discharges. In 79 of 699 TLEs, no intense transient ELF signals were detected, which implies that these events may be associated with CG discharges exciting only weak ELF signals or with intra-cloud (IC) discharges. 42 and 508 of 699 TLEs are identified as sprites and elves. The occurrence types of 149 TLEs are not yet determined, which will be identified by further detailed data analyses. The detection ratio for the 42 sprite events and 508 elves events of the 8357 total lightning events is 0.5 and 6.1%, respectively.
IdEntIfIcAtIon of SprItE EMISSIonS
JEM-GLIMS simultaneously measures both the incomparably bright lightning emissions and the relatively weak TLE emissions from the ISS. Thus, the spatial and temporal separation between these emissions is generally difficult. We adopted criteria to judge TLE occurrence, which depends on the results derived from the JEM-GLIMS and ground-based ELF measurement data analyses, according to (1) a LSI-1 image subtraction from the LSI-2 image, (2) a calculation of the peak intensity ratio between different PH channels, and (3) an estimation of CMC for the suspected parent lightning discharges. In the following subsections, these data analysis methods are introduced in detail.
Image Subtraction Method for LSI data
In the pass band of the LSI-1 filter, there are lightning emissions of OI (777.4 nm), OI (794.7 nm), and NI (820.0 nm) and TLE emissions from N 2 1P (2,0) (775.4 nm) and N 2 1P (6,5) (804.7 nm) (Orville and Henderson 1984; Bucsela et al. 2003; Gordillo-Vázquez et al. 2011) . As the typical optical energy of lightning and sprites is ~1 MJ and ~300 kJ, respectively (Takahashi et al. 2010; Quick and Krider 2013) , the LSI-1 mainly observes lightning emissions. In contrast, in the pass band of the LSI-2 filter, there are continuum lightning emissions and TLE emissions of N 2 1P (3,1) (762.7 nm). However, O 2 molecules in the atmosphere absorb the continuum lightning emissions during propagation from the lightning altitude to the ISS. Thus, the LSI-2 measures both TLE emissions and attenuated weak lightning emissions. For this reason, a subtraction of the appropriately scaled LSI-1 image from the LSI-2 image is required to extract only the TLE emissions (Sato et al. 2015) . The image subtraction acquired by two cameras having a similar configuration was first proposed by Blanc et al. (2004 Blanc et al. ( , 2012 . We basically used the same subtraction scheme.
As a first step, the dark image subtraction and the flat field correction are performed on LSI-1 and LSI-2 images according to the following equation,
LSI LSI DK
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where LSI corr and LSI obs are the image data that corrected the flat field and dark level and the observed raw image data, respectively. DK and x are the dark image data and the flat field image, respectively. We created the dark image data by averaging the 178 LSI images, where there is no lightning emission, taken during the new moon period. This dark image data is compared to that obtained at the calibration experiment before the launch, and we confirmed that the dark noise levels in these two images are identical. Thus, we used the dark image data created from the 178 LSI images. As for the flat field image, we could not obtain suitable images in the orbit and decided to use the flat field image acquired during the calibration experiment on the ground. The relative transmittance of the LSI-1 optics varies from 1.0 at the center of the optical axis to ~0.6 at the edge of the FOV, while that of the LSI-2 optics varies from 1.0 to ~0.7. The difference in the relative transmittance between the LSI-1 and LSI-2 optics must be originated in the different optical filter characteristics. As a next step, the LSI-1 image offset toward the LSI-2 image is corrected. This offset originated in the difference in the mechanical alignment between the LSI-1 and LSI-2 CMOS sensors. The LSI observed lightning emissions but also city light emissions. Using these city light images, the offset values are statistically estimated. Figure 2a is an example of the city light images observed at 02:41:22 UT on 28 January 2014. The ISS location was (4.82°E, 51.56°N), and the spot-like emissions in the images correspond to the city lights of Amsterdam, Holland. From these spot-like emissions, the cross correlations (P) are calculated using the following equation, ( ) 
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where X lag and Y lag are the lag values (i.e., offset values) in the X-and Y-pixel directions of the image, respectively. I LSI-1 (x) and I LSI-1 (y) are the intensity profile of the city light emissions in the LSI-1 image [I LSI-1 (x, y)] and LSI-2 image [I LSI-2 (x, y)]. These intensity profiles are calculated by integrating the city light image along the X-and Y-pixel directions, that is, 
where x 0 and y 0 are the representative X-and Y-pixel coordinates of the lightning emissions in the LSI-1 image. For example, if the centroid position of lightning emissions in a LSI-1 image is (x 0 , y 0 ) = (255, 255), the offset values become (X lag , Y lag ) = (-14, -3) pixels. Based on Eq. (4), LSI-1 image data can be co-aligned with LSI-2 image data. Note that the linear dependence of X lag (Y lag ) on x 0 (y 0 ) indicates that an optical aberration exists in the LSI optical system. As a final step, the appropriately scaled LSI-1 image subtraction from the LSI-2 image is performed. The lightning emission intensities in the LSI-1 image are first multiplied by a scaling factor ( 1 a ), then, the rescaled LSI-1 image is subtracted from the LSI-2 image. This procedure corresponds to the subtraction of the suspected intensities of lightning emissions, which would be measured by LSI-2, from the LSI-2 image data. The following equation shows the subtraction procedure,
where I sub (x, y) is the subtracted image. In order to determine the coefficient ( , ) x y a , we selected 210 pure lightning events, where the lightning emissions were detected by both LSI-1and LSI-2 and no far-ultraviolet (FUV) emission was detected by PH1. Figure 3a is the pure lightning emission image detected at 04:50:21 UT on 14 October 2013. Note that the pixel size of these images is 80 × 80 trimmed from the original 512 × 512 size data. Using these image data, the intensity ratios of I LSI-1 (x, y)/I LSI-2 (x, y) are calculated for the pixels where lightning emissions are detected in the LSI-2 image. Figure 3b shows the variation in the intensity ratios plotted toward the LSI-2 intensities. In order to perform the fitting, we used four different functions, such as (1) the
, and (4) the "log square fit" {A + B · log 10 (I LSI-2 ) + C · [log 10 (I LSI-2 )] 2 }, where A, B, and C are the parameters to be fitted. The blue, red, green, and purple solid lines denote the fitting results using the above four functions. The coefficient of determination (R 2 ) is calculated to be 0.943 (curve fit), 0.951 (hyperbolic fit), 0.950 (geometric fit), and 0.948 (log square fit). Thus, it was found that the "hyperbolic fit" is the most suitable fitting function in this case. From the statistical analyses of 210 pure lightning events, the number of events where the R 2 value of "hyperbolic fit" becomes the highest compared with that of the other fitting functions, is the highest. Thus, we decided to use the following hyperbolic function to determine the coefficient ( , )
x y -3 , respectively. Using the above three procedures, the image subtraction of the appropriately scaled LSI-1 image from the LSI-2 image is performed. By checking the shape and distribution of the subtracted emissions and by comparing the subtracted emissions with the lightning emissions, the TLE occurrence is judged, especially for sprites.
peak Intensity ratio and occurrence probabilities
The absolute irradiance that PH receives can be calculated using the following equations, 
where ( ) I m is the absolute irradiance at the wavelength m in the unit of W m -2 , ( ) R m is the spectral curve of the source emission in arbitrary units, Cts is the output digital counts, C offset is the offset counts, ( ) S m is the instrumental sensitivity, G Amp is the gain of the amplifier, and HV is the highvoltage value supplied to the photomultiplier tube (Adachi et al. 2013 (Adachi et al. , 2016 . Before the JEM-GLIMS launch we carried out the calibration experiment and measured the absolute instrumental sensitivity of each PH channel, as shown in Fig. 4 . Note that the sensitivity profiles at HV = 500 V and G Amp = 1 are plotted in this figure.
In order to judge the occurrence of TLEs, the detection of FUV emissions by PH1 is first checked because the existence of FUV emissions strongly supports the occurrence of TLEs. Chang et al. (2010) theoretically estimated the FUV intensities of lightning discharges detected by the ISUAL spectrophotometer (SP), and the estimated photon flux is 1.0 × 10 -11 photons cm -2 . By converting the observation geometry of ISUAL into that of JEM-GLIMS and by assuming that the atmospheric transmittance does not change in this conversion, the expected FUV photon flux at JEM-GLIMS becomes ~5.6 × 10 -10 photons cm -2 . If these photons are measured by PH1 operated with the maximum gain setting of HV = 1000 V and G Amp = 10, the output digital count becomes Cts = 5.0 × 10 -10 , assuming that the time constant of the FUV emission is 1 ms. Thus, we can conclude that it is impossible to detect the FUV emissions emitted by lightning discharges even at the ISS altitude and that the detection of FUV emissions by PH1 strongly supports the occurrence of TLEs because the atmospheric transmittance from the TLE altitude to the ISS is ~1.0. 
We also added one more criterion to judge the occurrence of TLEs in the PH data analyses. That is, the ratio between the peak intensity of PH2 (332 -342 nm) and that of PH4 (red: 599 -900 nm) is another requirement. This criterion is derived from the comparison between the statistical analysis of ISUAL and JEM-GLIMS data. As a first step, we analyzed the 17835 pure lightning events, 145 spriteaccompanied lightning events, and 1502 elves-accompanied lightning events measured by ISUAL and estimated the peak intensities of the six SP channels. As ISUAL observed the lightning and TLEs in the limb direction, those peak intensities are converted into the intensities that would be observed with the JEM-GLIMS observation geometry, and the peak intensity ratios between the different SP channels are calculated. Consequently, it is found that the intensity ratio between SP2 (337 ± 4 nm) and SP4 (red: 623 -750 nm) is a useful parameter for the criterion to distinguish the occurrence of lightning, sprites, and elves because the SP2/SP4 ratio rather than the ratios between other SP channels shows the clearest difference in magnitude in these events (Adachi et al. 2013 (Adachi et al. , 2016 .
As a next step, we analyzed PH data for the pure lightning events measured by JEM-GLIMS. We selected 202 pure lightning events, where no FUV emission was detected by PH1, and estimated the peak intensities of six PH channels. Figure 5 is a plot of PH light curve data for the lightning event detected at 04:50:21 UT on 14 October 2013, i.e., the lightning event shown in Fig. 3 . Note that t = 0 is the event trigger time at 04:50:21.01356 UT and that the LSI image shown in Fig. 3 was obtained at this trigger time. As no FUV emission was detected in PH1, this lightning event was not accompanied by TLEs. The peak intensity of each PH channel is PH2 = 1.1 × 10 -4 , PH3 = 6.7 × 10 -5 , PH4 = 4.1 × 10 -3 , PH5 = 1.3 × 10 -5 , and PH6 = 6.7 × 10 -5 W m -2 . From these values, the absolute peak intensities normalized by the unit wavelength (i.e., W m -2 nm -1 ) are calculated. The peak intensity ratio of PH2/PH4 is then estimated to be 8.1. Similarly, we statistically estimated the PH2/PH4 ratios for 202 pure lightning events.
From the SP2/SP4 ratios derived from the ISUAL data, the occurrence probabilities of lightning, sprites, and elves are estimated. The occurrence probability of i-th type (lightning, sprites, and elves) P i can be calculated using the fol- where N i is the occurrence number of i-th type, N sprites , N elves , N halo , and N lightning are the occurrence number of sprites, elves, sprite halos, and pure lightning events. The occurrence probabilities of pure lightning, sprites, elves, and all TLE events are plotted in Fig. 6 with the black, red, green, and gray solid lines, respectively. In a similar manner, the occurrence probability of pure lightning events measured by JEM-GLIMS is calculated and plotted in Fig. 6 with the black dash-dot line. It was found that the occurrence probabilities of pure lightning events derived from ISUAL and JEM-GIMS data show a good consistency though there is a slight difference in the absolute values, which may be caused by the difficulty in correcting the atmospheric transmittance when the SP peak intensities are converted into the intensities as observed by JEM-GLIMS PH. Therefore, we concluded that the occurrence probabilities of sprites and elves derived from ISUAL data are applicable to JEM-GLIMS data. When the intensity ratio of SP2/SP4 (= PH2/PH4) is 1.44, 2.95, 6.45, and 14.79, the occurrence probability of TLEs is 20, 40, 60, and 80%, respectively (Adachi et al. 2013 (Adachi et al. , 2016 . From above analyses, we defined the following two criteria to judge the occurrence of TLEs, (1) the detection of FUV emissions by PH1, and (2) the sufficiently high value of the PH2/PH4 ratio.
cMc Estimation
One of the most important parameters for the assessment of sprite occurrence is the CMC or impulsive CMC (iCMC) values of the sprite-producing CG discharges because the intensity of the QE field, which triggers the conventional breakdown at the sprite altitude, is directly proportional to the CMC intensity of the CG discharges (Cummer and Inan 1997; Hu et al. 2002 Hu et al. , 2007 Cummer 2003; Cummer and Lyons 2005; Li et al. 2008 ).
We used 1 -100 Hz ELF magnetic field waveform data obtained by the Global ELF Observation Network (GEON) operated by Hokkaido University. Using the ELF data, CMC can be estimated from the following equation (Huang et al. 1999 
where ( , ) H f i z and ( ) I dl f $ are the power spectrum of the observed ELF waveform and the source lightning current moment change, respectively. f, q, R E , h 0 , n, and o are the frequency, the angular distance between the source and the observer, the radius of the Earth, the reflection height of ELF waves, the mode number, and the complex propagation constant, respectively. P n 1 is the associated Legendre polynomials for order n and first degree. Assuming that the waveform of the source lightning current moment change has the shape of the exponential decay with a time constant 0 x , the current moment spectrum is derived from the following equation,
where I dl 0 $ is the peak current moment change. Using Eqs. (9) and (10), I dl 0 $ and 0 x can be estimated. Finally, CMC can be estimated from ( ) Huang et al. 1999; Füllekrug and Constable 2000; .
From the Lissajous plot of ELF waveform data, we can estimate the bearing angle of the wave arrival at the observation site and estimate the propagation path of transient ELF waves . If the location of the source CG discharges exciting the transient ELF waves is provided, the polarity of the CG discharges can be determined by the polarity of the initial impulse of the transient ELF waves, and the propagation time of the waves can be calculated using the phase velocity of o = 0.8c Sato et al. , 2008 . These parameters can be used to judge the detected transient ELF waves are excited by the lightning discharges measured by JEM-GLIMS.
SprItE EvEnt MEASurEd by JEM-GLIMS
Using the TLE identification methods described in chapter 3, we confirmed that JEM-GLIMS detected sprite emissions in 42 out of 8357 lightning events. In this report, we introduce one of the sprite events in detail.
Sprite Event detected at 19:50:40 ut on 28 September 2013
This sprite event was observed at 19:50:40.30580 UT on 28 September 2013, when the ISS was located at (13.51°E, 5.32°N) and at 414.9 km altitude over Cameroon, Africa. Figure 7a is the infrared (IR) brightness temperature image measured by METEOSAT at 20:00 UT. Figure 7b is the expanded image of Fig. 7a , where the trajectory of the sub-satellite point (SSP) of the ISS and the SSP at the event are plotted by the dashed line and solid circle, respectively. In addition, the FOV of LSI is indicated by the red square. Within the LSI FOV, the thundercloud whose cloud top temperature was below -50°C was located. Using the Mass Spectrometer Incoherent Scatter (MSISE-90) model (Hedin 1991; Picone et al. 2002) , the altitude of the -50°C temperature level is calculated to be 11.7 km.
Figures 7c and d are four successive LSI-1 and LSI-2 images, respectively. Note that they are the expanded image trimmed from the original 512 × 512 size image and that the image pixel size is 100 × 100. The trimmed image area is indicated by the yellow square in Fig. 7b , and "R T " shown in Figs. 7b, c, and d corresponds to a position in the topright corner of the images. As shown in Fig. 7c , the lightning emissions appeared near the center of the frame-1 image and moved toward the left side edge from frame-2 to frame-4. In contrast, LSI-2 detected the small-scale emissions at frame-2 as shown in Fig. 7d . However, the position of the emissions was almost the same in frame-3 and frame-4. Using the frame-2 image data, subtraction of the appropriately scaled LSI-1 image from the LSI-2 image is performed, according to Eqs. (5) and (6). Figure 7e shows the image subtraction result. In this figure, the subtracted optical emissions whose intensities exceed the standard deviation by five times are plotted with the red color, and they are overplotted on LSI-1 image drawn by the rainbow color. It was found that the location of the subtracted emissions is clearly shifted from the brightest area of the lightning emissions. Figure 8a is the plot of the light curve data obtained by PH. Note that t = 0 ms is the trigger time of this event at 19:50:40.30580 UT. It is clear that the FUV emission was detected by PH1 and that the optical emission whose time constant is ~3 ms was measured by the other PH channels. Due to the Mie scattering of the cloud particles, the light curve of the lightning emissions measured at the satellite altitude would be smoothed by 100 -1000 μs compared with the original light curve (Light et al. 2001) . Therefore, it is likely that the optical emissions measured by PH2 -PH6 originated mainly in the lightning emissions. In this event, the light curves of PH2 -PH5 are unfortunately saturated. So, these light curves are fitted by the PH6 light curve in order to estimate the peak intensities. The peak intensity of each PH channel is estimated to be PH1 = 5.86 × 10 -7 W m -2 , PH2 = 2.64 × 10 -4 W m -2 , PH3 = 1.46 × 10 -4 W m -2 , PH4 = 1.02 × 10 -2 W m -2 , PH5 = 3.57 ×10 -5 W m -2 , and PH6 = 2.95 × 10 -4 W m -2 , respectively. From these values, the absolute peak intensities normalized by the unit wavelength are calculated, and the ratio of each peak intensity to that of PH4 is estimated. Figure 8b shows the intensity ratio for lightning events (black line) and this sprite event (red line). It was found that the PH2/PH4 ratio is 23.3, which implies that the TLE occurrence probability exceeds 80%. Thus, the facts that the FUV emission was detected by PH1 and that the PH2/PH4 ratio is 23.3 strongly support the occurrence of TLEs.
Figures 9a and b are the waveform plot of ELF data obtained at Syowa station (39.51°E, 69.02°S), Antarctica and Esrange station (21.10°E, 67.88°N), Sweden in the time period of 19:50:39.5 -41.5 UT, respectively. Note that the magnetic field waveforms in the magnetic north-south (H) and east-west (D) components are plotted in Fig. 9a , while those in the geographical north-south (NS) and east-west (EW) components are plotted in Fig. 9b . At Syowa station, the magnetic declination angle is -48.489° (westward from the geographical north). It was found that the transient ELF waves indicated by the vertical arrows were detected after the JEM-GLIMS event trigger time (dashed line). As the distance between the ISS SSP and Syowa station is 8.58 Mm, the ELF wave propagation time is calculated to be 35.8 ms assuming that the phase velocity of the waves is V ph = 0.8c (Füllekrug and Constable 2000; . The transient ELF wave shown in Fig. 9a was observed at 19:50:40.340 UT at Syowa station. The expected source lightning occurrence time (T CG-SYO ) is then 19:50:40.3042 UT. Assuming the lightning emissions altitude is 10 km, the propagation time of light from the lightning to the ISS is 1.35 ms, and the expected lightning discharge occurrence time (T GLIMS ) is at 19:50:40.30445 UT. Thus, the difference between T CG-SYO and T GLIMS is |T CG-SYO -T GLIMS | = 0.25 ms. In a similar manner, the distance between the ISS SSP and Esrange station is 6.89 Mm, and the ELF wave propagation time is 28.7 ms. As the ELF wave shown in Fig. 9b was observed at 19:50:40.333 UT, the expected source lightning occurrence time (T CG-ESR ) is 19:50:40.3038 UT. Thus, the time difference of |T CG-ESR -T GLIMS | is calculated to be 0.65 ms. It was found that these time differences of 0.25 and 0.65 ms are less than the sampling period (= 1.25 ms) of the ELF observation system. From the Lissajous plot of the ELF data, the bearing angle of the wave propagation path is calculated to be 336.3° at Syowa station and 187.0° at Esrange station. The estimated propagation paths are plotted in Fig. 9c . It was found that the cross-point of the two propagation paths is very close to the ISS SSP. The bearing angle from Syowa station to the SSP is 334.0°, while that from the Esrange station to the SSP is 187.9°. These angles are well comparable to the bearing angles of the propagation paths at Syowa and Esrange stations. Therefore, we concluded that the transient ELF waves observed at the two stations were excited by the lightning discharges measured by JEM-GLIMS. From the polarity of the initial impulse of the transient ELF waves, the lightning discharge is found to be +CG discharge. Using the Syowa and Esrange ELF data, the estimated CMC values are +2080 and +1807 C km, respectively, which is considered more than enough for sprite generation (Hu et al. 2002; Cummer and Lyons 2005) .
From the results above, we identified that the subtracted optical structure shown in Fig. 7e corresponds to the sprite emissions.
Horizontal distribution of the Sprite Emission
The lightning and sprites optical emissions measured by JEM-GLIMS do not always appear at the ISS nadir point. In order to precisely identify the horizontal distributions of sprites and clarify the spatial relation between the sprites and the sprite-producing lightning discharges, the occurrence locations of these emissions need to be corrected as observed from the point just above the sprite-producing lightning discharges. A schematic showing the geometry conversion method is presented in Fig. 10 . In this geometry conversion, the altitude of lightning and sprite emissions is assumed to be 10 and 75 km, respectively. The attitude vectors of the ISS and ISS position in the geocentric coordinate system are also used in the geometry conversion calculation. Note that the direction of the vector z is consistent with that of the FOV center of LSI and PH. Firstly, the optical emissions in the subtracted image are assumed to be located at 75 km altitude, and the longitude and latitude values of each pixel are estimated, i.e., Img Sprite (lon, lat) in Fig. 10 . Secondly, in the same manner, the longitude and latitude values of each pixel in the LSI-1 image are calculated, i.e., Img CG (lon, lat) in Fig. 10 . Each Img Sprite (lon, lat) pixel is over-plotted over the Img CG (lon, lat) pixel as the longitude and latitude values of Img Sprite become identical to those of Img CG . From this procedure, we can correct the LSI observation geometry. Figure 11a is same as Fig. 7e , which corresponds to the image before the geometry conversion. In contrast, Fig. 11b shows the geometry-converted image of the sprite emission and the sprite-producing +CG discharge emission. In this geometry-converted image, the sprite location moved slightly toward the ISS nadir point. The displacement of the sprite location from the location of the peak lightning emission intensity, denoted by the yellow triangle in Fig. 11b , is estimated to be 3.5 km on average. From the PH light curve data shown in Fig. 8a , the FUV emission from the sprite was found to be simultaneous with the parent +CG discharge, which implies that the sprite had a short delay time. Lu et al. (2013) pointed out that sprites having a short time delay from the parent lightning discharges (< 20 ms) are typically centered within 30 km of the return stroke point of the parent lightning discharges. In the sprite event presented in this report, the horizontal displacement of the sprite emission from the peak lightning emission is 3.5 km. Assuming that the location of the peak lightning emission corresponds to the return stroke point, the 3.5 km displacement is well consistent with the result of Lu et al. (2013) . As shown in Fig. 11b , the sprite emission occurred just above the parent lightning emission, which may suggest that the center region of the charges neutralized by the +CG discharge in the thundercloud located just below the sprite emission. As presented in section 2.3, JEM-GLIMS succeeded in detecting a total of 42 sprite events in the three-year observation period. We will analyze these sprite events further and statistically clarify the characteristics of the sprite horizontal distributions and the displacement of sprites from the parent lightning flash. 
SuMMAry
JEM-GLIMS was launched in July 2012 to realize the nadir lightning and TLE observations from the ISS. JEM-GLIMS started continuous observations from November 2012 and finished the observations on August 2015. In this three-year period, JEM-GLIMS optical instruments successfully detected a total of 8357 lightning evens and 699 TLEs. From the detailed data analyses, 42 of 8357 lightning events are identified to be sprite events, which is 0.5% of the total lightning events.
As JEM-GLIMS uses the nadir observation technique, the JEM-GLIMS optical instruments have to simultaneously measure both incomparably intense lightning emissions and weak sprite emissions. For this reason, we needed to define the criteria to distinguish between these emissions and adopted combined data analytical methods: (1) the subtraction of the wideband LSI-1 image from the narrowband LSI-2 image, (2) calculation of the intensity ratio between different PH channels, and (3) estimation of the polarization and CMC of the suspected sprite-producing CG discharges. These data analytical techniques were precisely introduced in chapter 3, and not presented in the previous literatures showing JEM-GLIMS results.
One sprite event identified using these methods was presented in detail. This sprite event was detected at 19:50:40.30580 UT on 28 September 2013 and occurred over Cameroon, Africa. The LSI image data show that the spatiotemporal changes in the lightning emissions detected by LSI-1 are different from those in the optical emission detected by LSI-2. From the image subtraction, it was found that clear optical structures are present in the subtracted image whose location is clearly shifted from the peak lightning emission location. In the PH data, the FUV emission is clearly detected by PH1, which strongly supports the occurrence of TLEs. We estimated the peak intensity ratio between different PH channels and confirmed that PH2/PH4 is estimated to be 23.3. We also analyzed the ELF data obtained at Syowa and Esrange stations and found that the transient ELF waves are detected at both stations and confirmed that these waves were excited by the CG discharges detected by JEM-GLIMS. The polarity of the CG discharges is positive, and the CMC value derived from Syowa and Esrange ELF data is +2080 and +1807 C km, respectively, which is large enough to excite sprites. From all of these results, we judged that the optical emission in the subtracted image is the sprite emission. As the FUV emission detected by PH1 was simultaneous with the lightning-dominated emissions measured by PH2 -PH6, the detected sprite is confirmed to be a short-delayed sprite, which has the delay time shorter than 25 ms (Hu et al. 2007 ).
All of the sprite and sprite-producing lightning emissions measured by the JEM-GLIMS optical instruments did not occur just at the ISS nadir point. Therefore, these optical emissions must be replotted as observed from the location just above the sprite-producing lightning emission, that is, the geometry conversion is necessary. From the geometryconverted image, it is found that the sprite emission location shifted by 3.5 km from the peak lightning emission location. Lu et al. (2013) suggested that the horizontal displacement is less than 30 km for the sprites occurring within 20 ms after the occurrence of the sprite-producing lightning discharge. Thus, our result is fairly consistent with the result of Lu et al. (2013) . As shown in Fig. 11b , the sprite emission location was over the parent +CG discharge optical emission. This fact may suggest that the center region of the charges neutralized by the +CG discharge occurred in the thundercloud located just below the sprite emission.
As presented in this report, the detailed horizontal sprite distributions and the relation between the sprite locations and the parent lightning locations are quantitatively revealed for the first time. We will analyze all sprite events detected by JEM-GLIMS further and statistically clarify the characteristics of the horizontal sprite distribution and the displacement of sprites from the parent lightning flash in future papers.
